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Barley yellow dwarf luteoviruses (BYDVs) are the most ubiquitous and economically important viruses of small grains including wheat, barley, and oats (14, 22) . Every year, BYDVs cause substantial yield losses in cereals wherever these crops are grown (30) . Average yield losses of 15% in barley, 17% in wheat, and 25% in oats are common (22) . In 1989, 5% yield losses due to BYDVs would have been valued at $387.1 million in wheat, $48.5 million in barley, and $28.0 million in oats in the United States alone (14) .
Luteoviruses are phloem-limited and transmitted exclusively by specific aphid species. Based on genome organizations and other properties, BYDVs and other luteoviruses have been divided into two subgroups, I and II (24, 29) . The 3′ halves of the genomes of both luteovirus subgroups share a high degree of homology, whereas the 5′ halves of the genomes of each subgroup are more closely related to those of other virus groups than to each other (28) . The target of this study, BYDV strain PAV, is a member of subgroup I and the most widespread BYDV in the United States. The 5′ half of the genome encodes open reading frames (ORFs) 1 and 2, which code for 39-and 60-kDa proteins, respectively (Fig. 1) . ORF 2 is expressed only by ribosomal frame-shifting as a 99-kDa fusion with the ORF 1 product (7) . It contains the consensus catalytic domain of RNA-dependent RNA polymerase (RdRp). Thus, we consider the 99-kDa product of ORFs 1 + 2 to be the viralencoded core of the BYDV-PAV replicase. Except for the few amino acids conserved among all RdRps, it has no homology to the RdRps of subgroup II BYDVs (25) .
Diseases caused by luteoviruses are controlled by the use of resistant and tolerant varieties or by insecticides to prevent virus spread by the aphid vector. The latter approach is not usually economical for BYDV hosts, nor is it environmentally desirable. The genes Yd2 and Bdv1 confer resistance to some BYDVs in certain lines of barley and wheat, respectively (5) . Oat is usually the most severely affected by BYDV infection. No single gene for resistance to the virus has been identified in oats. Tolerance in widely used cultivars is attributed to two to four genes (20, 27) . Breeders are limited to those lines that have natural levels of tolerance to BYDV, or they must introduce tolerance by classical breeding methods that typically require many years. Many otherwise useful lines would not be practical, owing to their susceptibility to BYDV. Thus, the transgenic approach is an attractive means to rapidly introduce resistance to BYDVs in oats and other cereals in a single generation, providing freedom of more genotypes to be used in cereal breeding.
Numerous examples of virus-derived transgenes have been shown to provide resistance to viruses in a wide variety of hosts. Virusderived transgenes can affect resistance via their protein products (10, 31) , via a sequence-specific suppression mechanism mediated by the transgenic transcript (3, 9, 23) , or by both mechanisms (32) . Until recently, cereal crops have been difficult to transform. As a result, there are fewer examples of pathogen-derived resistance in cereals than in other plants (13, 15) .
Virus-derived transgenes can confer resistance to luteoviruses. Coat protein genes gave moderate resistance to potato leafroll subgroup II luteovirus (PLRV) in potatoes (1, 2, 16, 17, 44) , but insignificant resistance to BYDV in oats and barley (26) . Low to moderate resistance can be conferred by somaclonal variation during tissue culture (26, 34) . In contrast, for many viruses (11, 23) including possibly PLRV (45) , plants transformed with the viral RdRp gene can be extremely resistant to infection. Here, we describe oat plants (Avena sativa L.) transformed with a construct containing the 5′ half of the BYDV-PAV genome, which includes the RdRp gene. These plants ultimately show few symptoms and produce seed, while their nontransgenic segregants die from disease caused by virus infection. The reduction in symptoms may be by a novel mechanism that allows substantial virus accumulation.
MATERIALS AND METHODS
Gene constructs. Two constructs were used for oat transformation (Fig. 1) . The construct p35S39K60K contained the 5′ untranslated region (UTR) of BYDV-PAV and wild-type ORFs 1 and 2 preceded by the cauliflower mosaic virus double 35S promoter and followed by the nopaline synthase (nos) transcription termination signal. The plasmid p35S39K60K was created in two steps. First, the p35SPAV5′ (bases 1 to 1,596) construct was generated by polymerase chain reaction (PCR) using pPAV6 (7) full-length BYDV-PAV plasmid as a template. The upstream primer (5′-ACG-GGATCCGAGTGAAGATTGACCATCTTCACA-3′) contained a BamHI site and the first 23 nucleotides of the 5′ end of the BYDV-PAV genomic RNA, and the downstream primer (5′-ATGAAGCT-TGCACATTGGCATCCTTCTGATG-3′) was complementary to viral bases 1,596 to 1,569 including a HindIII site. The BamHIHindIII-cut PCR fragment was gel-purified and cloned into pAGUS1 (40) , which had been cut with the same enzymes, resulting in plasmid p35SPAV5′. Then the HindIII-Bst1107I (bases 1,591 to 2,787) fragment from pPAV6 was cloned into HindIIIEcoICRI-cut p35SPAV5′, resulting in p35S39K60K. In the second construct, p35S99K, a stop codon of ORF 1 UAG, was mutated to UCAG, which brought ORFs 1 and 2 into the same ORF. If translated, this construct would produce only the 99-kDa protein and not the 39-kDa protein. This construct was generated by cloning the BglII-SacI (bases 856 to 2,453) fragment from pFLFSM4 (7) into p35S39K60K, which had been cut with the same enzymes. All the cloning junctions and the PCR-amplified regions were confirmed by double-stranded DNA sequencing (ABI 377 automated DNA sequencing system; Iowa State University Nucleic Acids Facility, Ames).
Transgenic plants. Oat transformation and selection was conducted according to Torbert et al. (46) . The GAF/Park oat lines used for transformation were derived from single plant selections of the F7 generation of GAF/Park (4). Tissue cultures established from immature embryos of the F7 plant were transformed by microprojectile bombardment (41) . Plasmids containing virus-derived transgenes were cobombarded with plasmid pH24, which encodes the nptII gene that served as a selectable marker (46) . The plasmids were mixed at a 1:1 ratio, precipitated onto gold particles, and bombarded with the Biolistic PDS1000/He gun according to manufacturer's instructions (BioRad Laboratories, Hercules, CA). Selection of transgenic tissue cultures on medium containing 50 mg of paramomycin per liter, plant regeneration, and subsequent growth in chambers were performed as described by Torbert et al. (46) . T0 plants were allowed to self-pollinate for two generations to produce T2 progeny.
DNA extraction and Southern blot analysis. Plant genomic DNA was extracted using a hexadecyl trimethylammonium bromide method (37, 49) . For Southern blot analysis, 20 µg of genomic DNA was digested overnight with the BamHI (2.5 U/µg of DNA) at 37°C. DNA fragments were separated in a 0.9% agarose gel, blotted to a Hybond N+ nylon membrane (Amersham, Arlington Heights, IL), and hybridized as described by Wise et al. (49) . 32 Plabeled probes were made by oligonucleotide random priming method using a Prime-a-Gene kit (Promega Corp., Madison, WI). A gel-purified EcoRI fragment of p35S39K60K ( Fig. 1 ) was used as a template. Phosphorimager screens (Molecular Dynamics, Sunnyvale, CA) were exposed to radioactive membranes for 7 days.
RNA isolation and northern blot analysis. Total plant RNA was isolated from 100 mg of fresh leaf tissue using the RNeasy plant total RNA kit (Qiagen, Inc., Los Angeles). RNA samples (2 to 3 µg) were subjected to electrophoresis in a 1% agarose formaldehyde denaturing gel, transferred to a Nylon GeneScreen (DuPont/ NEN, Boston) membrane, and hybridized with a complementary 32 P-labeled RNA probe made as described by Seeley et al. (38) . For transgenic mRNA detection, we used a probe complementary to the 5′-terminal 0.7 kb of the viral genomic RNA, which contains part of ORF 1. A probe complementary to the 3′-terminal 1.5 kb of the PAV genome was used to detect viral genomic and subgenomic RNA accumulation. Radioactive blots were exposed to Phosphorimager screens for 2 to 5 days.
Growth and inoculation of plants. Oat plants were grown in chambers with a daytime temperature of 20°C and a nighttime temperature of 16°C with 12-h days for the first 5 weeks, followed by 16-h days in subsequent weeks. Plants were inoculated with an Illinois isolate of BYDV-PAV using viruliferous aphids (Rhopalosiphum padi). Aphids were allowed to feed on the plants for 2 days and then killed by spraying with pyrethrin insecticide (Ortho Tomato and Vegetable Insect Killer; Monsanto, St. Louis).
Enzyme-linked immunosorbent assay (ELISA). The procedure used for double-antibody sandwich (DAS)-ELISA was a modification of the method described by Diaco et al. (8) . ELISA plates were coated with BYDV-PAV-specific polyclonal antibodies for 3 h at 37°C, and then blocked with 1% fat-free Carnation dry milk solution (Nestlé, Glendale, CA). Plates were incubated overnight at 4°C with leaf sap extracted from at least four leaves per plant. The plates were then washed three times for 4 min each with phosphate-buffered saline containing 0.1% Tween. Alkaline phosphatase-BYDV-PAV polyclonal antibody conjugate prepared previously was added to the microtiter plates and incubated for 3 h at 37°C. Plates were washed as above, and the disodium p-nitrophenyl phosphate (5 mg per tablet) substrate was added to the plates. ELISA readings (A 405 ) were obtained from two replicate wells for each sample 1 h after addition of the substrate using a BioRad microplate reader and analyzed with Microplate manager software (BioRad Laboratories).
RESULTS

Transgenic plants.
Oat (GAF/Park) tissue cultures were cobombarded with pH24 containing the selectable marker (nptII) and either p35S39K60K or p35S99K (Fig. 1) . The construct p35S39K60K contained the 5′ half of the BYDV-PAV genome, which encodes ORFs 1 and 2, including the RdRp gene. p35S99K contained the same sequence as p35S39K60K, but with an insertion in the ORF 1 stop codon (UAG to UCAG), which brought both genes into the same ORF (99-kDa protein). Both constructs contained the 35S promoter and the nos polyadenylation signal. Out of 42 bombarded callus lines capable of growing on the selective media, fertile plants were regenerated from 19 lines. The progeny (T1) of seven of these lines exhibited abnormal phenotypes: poor growth, stunting, or yellow leaves. The remaining 12 lines appeared normal and were characterized further.
Preliminary screening for resistance. T2 plants of four lines transformed with p35S39K60K, eight lines transformed with p35S99K, and untransformed controls were screened for resistance to BYDV-PAV. Ten 2-week-old plants of each line were inoculated with 25 to 30 viruliferous aphids per plant. Initially, symptoms of virus infection developed 7 days after inoculation on all plants: leaves became stiff with subsequent yellowing and necro-
plants in all other transgenic and nontransgenic lines, 70% died by 40 days after inoculation. The remaining 30% were extremely stunted and necrotic.
Transgene segregation. The transformation process itself including passage through tissue culture can improve resistance to luteoviruses in the absence of the transgene (19, 26, 34) . To rule out (Fig. 2B) ; and NT, nontransgenic plants, progeny of 2811-1-2-5 (Fig. 2B) .
transgenic resistance to BYDV-PAV. To identify transgene-negative plants, Southern blot hybridizations were performed on genomic DNA of nine T1 individuals using the entire viral insert in p35S39K60K as a probe (Fig. 1) . All of the transgenic plants in line 2811 ( Fig. 2A) and all other transgenic lines (data not shown) showed complex sets of hybridizing bands. In line 2811, these resulted most likely from multiple insertions of rearranged, concatemerized plasmid DNA at a single locus, because T2 plants either had all or none of the bands. Such irregular patterns segregating as a single locus are common in biolistic transformation (18, 33, 41) . Strong signals in bands of the expected sizes (1.75 and 4.26 kb) ( Fig. 2A) indicate that several of the copies were not likely to be rearranged. Descendants of these initial line 2811 transformants were named by the number arbitrarily assigned to the parental plant of each generation separated by hyphens from the number of the plant of the next generation. T1 progeny from T0 plant number 2811-1, named 2811-1-1 and 2811-1-2, were found to contain and lack, respectively, transgenic DNA (Fig. 2A) . The descendants of these two plants were chosen for further study.
Nontransgenic T2 segregants of line 2811 were susceptible to virus infection. Progeny of the selfed plants 2811-1-1 (transgenic) and 2811-1-2 (nontransgenic segregants) were tested for BYDV-PAV resistance. First, the presence or absence of transgenes in the inoculated T2 plants was verified by Southern analysis. All nine tested progeny of 2811-1-1 contained the transgene (Fig. 2B ), whereas all three tested progeny of plant 2811-1-2 lacked the transgene, as expected. Three-week-old plants were inoculated with five viruliferous aphids per plant. In this experiment, we used lower initial inoculum (number of aphids) and older plants than in the preliminary screening in an unsuccessful attempt to decrease the severity of disease that was observed in the first screen. As in the first screen, from 10 to 17 days after inoculation, there was little difference in symptoms between transgenic and nontransgenic plants: all plants exhibited stiffness and yellowing of the leaves. Subsequently, all eight inoculated progeny of plant 2811-1-1 began to recover, whereas all eight inoculated progeny of the plant 2811-1-2 showed more severe symptoms and eventually died without heading (Fig. 3A) . Infected transgenic plants, although exhibiting a tolerant phenotype, were slightly shorter than the uninfected plants (Fig. 3A) . No difference was observed between uninfected transgenic and nontransgenic plants (data not shown).
Northern blots probed with RNA complementary to the 3′ end of the BYDV-PAV genomic RNA revealed the presence of viral genomic RNA and the 3′-coterminal subgenomic RNAs in all inoculated plants (Fig. 4) . The level of viral RNA varied twofold in the nontransgenic line 2811-1-2 as measured by Phosphorimagery, whereas the amount in infected transgenic line 2811-1-1 varied by over 20-fold, with extremely low levels in three of the plants (Fig.  4, line 2811-1-1, plants 1, 6, and 8) . No viral RNA was detected in plant number 8 (Fig. 4) .
Transgenic mRNA in plants. To test for stability of inheritance of the tolerant phenotype, progeny seed of the transgenic plant 2811-1-1-2 and the nontransgenic plant 2811-1-2-5 (T3 generation) were planted for subsequent inoculation. Before infecting the plants, transgenic mRNA accumulation was monitored by northern blot analysis of total plant RNA. Transgenic mRNA was detected in all seven of the progeny of 2811-1-1-2 and absent in the two tested progeny of 2811-1-2-5 (Fig. 5) . In addition to the mRNA of expected size (2.8 kb), a smear of lower-molecular-mass RNA was present. The apparent bands in this smear were due to "shadowing" caused by the highly abundant ribosomal RNAs. To test for nonspecific degradation, the membrane was stripped and rehybridized with a probe specific for the oat actin gene. Hybridization bands appeared sharp, with no noticeable degradation (Fig. 5) , suggesting that the low-molecular-mass transgenic mRNA was not entirely due to nonspecific ribonuclease contamination during sample preparation.
All T3-generation transgenic plants are resistant. At the age of 4 weeks, the above plants were inoculated as in the previous experiment. Disease development and recovery by the transgenic plants were the same as in the previous experiments. All seven transgenic plants tested showed the tolerant phenotype (Fig. 3B) . They headed and produced seed. At maturity, inoculated transgenic plants averaged 80 ± 6 cm tall and yielded 1.5 ± 0.5 g of seed per plant, compared with 94 ± 6 cm height and 2.6 ± 0.4 g of seed per plant yielded by uninoculated plants. (Growth conditions were not optimized for seed production.) Unlike the previous experiments, one of the seven nontransgenic plants tested exhibited some tolerance: it reached 89 cm in height and flowered, but produced only 0.1 g of seed. The other six inoculated nontransgenic plants died before reaching 25 cm (Fig. 3B) .
Virion accumulation in inoculated plants was determined before (3 weeks postinoculation, wpi) and after (6 wpi) the transgenic plants recovered from disease symptoms. ELISA readings varied widely between plants (Fig. 6) . The average ELISA reading in the seven transgenic plants at 3 wpi (A 405 = 0. 51, range = 0.06 to 
maining necrotic tissue was sampled from the nontransgenic plants. The average ELISA value from the transgenic plants (A 405 = 0.54, standard deviation [SD] = 0.28) was less than half that of the nontransgenic plants (A 405 = 1.22, SD = 0.52). However the standard deviations were large. Given the necrotic nature of the nontransgenic material, it is likely that virus titer was reduced, because the plants were nearly dead. Moreover, the dried nature of this tissue reduced efficiency of virus extraction for ELISA. Thus, on average, the healthy recovered tillers of the transgenic plants harbored less virus than the nontransgenic plants. It is noteworthy that one transgenic plant (Fig. 6A, plant 3) gave ELISA readings not significantly above background at both sampling dates. However, it did not appear any healthier than the other recovered plants with higher ELISA readings. Thus, there was not an obvious correlation between ELISA readings and symptom phenotype.
DISCUSSION
We constructed a line of transgenic oats that shows dramatically reduced disease symptoms when inoculated with BYDV-PAV. Transgenic plants recovered and produced seed, while the nontransgenic siblings died from disease. While the transgenic plants had lower average virus titer, some of the recovered plants still contained significant virus levels. Thus, it is not certain whether transgenic plants of line 2811 exhibited true resistance (restriction of virus accumulation) or tolerance (virus accumulation, but little or no symptoms) as defined by Cooper and Jones (6), or both. However, some transgenic individuals had low RNA (Fig. 4) or virion (Fig. 6 ) accumulation, while all nontransgenic plants had high levels of both. The large variation in ELISA readings and virus RNA levels may have resulted from uneven distribution of the virus within plants, although four to five leaves were sampled from each plant tested for both northern and ELISA analyses. Furthermore, by the time virus and RNA were sampled from recovered plants, the level of virus and RNA used for comparison in susceptible plants may have been reduced because of the severe tissue necrosis. Therefore, the difference in virus and viral RNA levels in recovered versus susceptible plants at 6 wpi (Figs. 4 and 6) may be much greater than it appears to be.
The mechanism of action of the transgene is unknown. Resistance may be mediated by the RNA or by the encoded protein.
RNA-mediated resistance may be trans-dominant inhibition conferred by the viral 5′ UTR in the transgene. The 5′ UTR plays a role in cap-independent translation of the viral genome (48) that may be disrupted in trans by the copy of the 5′ UTR on the transgenic mRNA. Alternatively, because the 5′ UTR is complementary to the presumed replication origin at the 3′ end of the (-) strand, it could disrupt replication of invading viral RNA.
Another possibility is that the transgenic RNA facilitates degradation of invading viral RNA by RNA-mediated gene silencing, as has been observed in transgenic resistance to other RNA viruses (3, 9) . It has been proposed that aberrant transgenic mRNA is specifically degraded in plant cells, causing the homologous invading virus RNA to be recognized and degraded by the same cellular machinery (3, 9) . Some of the transgenic RNA in line 2811-1-1 appears degraded (Fig. 5) , consistent with the model, but intact transgenic mRNA is also present. Rather than a specific degradation mechanism, the shorter transgenic RNAs could be explained by transcription of truncated forms of the transgene that arise in the rearrangements revealed in Southern blots.
Resistance in line 2811 is very unlikely to be "replicase-mediated," because the ribosomal frame-shifting needed for translation of the RdRp is dependent on a sequence in the 3′ end of the BYDV-PAV genome (47) that is absent from the transgene. Not enough transgenic plants were tested to determine whether the inframe mutant (p35S99K) is capable of conferring resistance.
A recovery phenomenon, similar to that which we observed, has been reported in RNA-mediated resistance (21), replicase-mediated resistance (31, 42, 43) , and natural resistance (35) . In those cases, recovery coincided with substantial reduction in virus and viral RNA levels. In contrast, some of the healthy recovered transgenic plants of line 2811 had high virion and RNA levels and were indistinguishable from those with reduced virus titer. This may resemble a mechanism of transgenic resistance to pepper mild mottle tobamovirus in which some plants of a resistant line transformed with a truncated 54-kDa gene (RdRp catalytic domain) showed delayed and reduced symptoms, while still supporting high levels of virus accumulation (43) . An example also exists in nontransgenic tobacco plants infected with tobacco ring spot virus. They show severe symptoms until virus enters the meristematic tissue, after which the plants can recover with few symptoms, despite the presence of substantial levels of virus (36) . New models must be considered to explain this recovery despite substantial virus titer. If disease results from an active host response, the transgene may somehow induce the host to not recognize and respond negatively to the virus. On the other hand, the transgene may induce a positive host response that prevents symptom-induction by the virus.
Although the inoculated transgenic line 2811 plants show reduced yield and significant virus titer, this transgene strategy may ultimately be useful agronomically for three reasons. First, most oat cultivars are much less susceptible to BYDV infection. In fact, the GAF/Park line (4) is the most highly susceptible oat line we have seen. The huge difference in symptom severity between the nontransgenic GAF/Park plants and transgenic plants (Fig. 3) demonstrates the dramatic ability of the transgene construct to improve resistance. Thus, if a similar construct were engineered or crossed into elite varieties that already show some tolerance to BYDV-PAV, the combined natural and transgenic tolerance might provide an even higher level of resistance than exists in any cultivar available (2) . Second, the growth chamber and inoculation conditions used here greatly favor virus replication and disease development. In a field situation with less inoculum pressure and less optimal con- ditions for virus replication, the symptoms may be milder and the transgenic lines may more closely approach the yield of uninfected plants. Third, tolerance may be more durable than resistance. There would be much weaker (if any) selection for a resistance-breaking virus strain in contrast to the use of highly resistant plants. Conventional oat breeding has led to tolerant rather than resistant lines, based on the lack of strong correlation between virus titer and symptoms including yield reduction (5, 39) . Many wild grasses also have evolved tolerance rather than resistance (12) . Thus, tolerance rather than resistance seems to have evolved as an effective way by which wild and domesticated plants cope with BYDV.
In summary, the transgenic strategy shown here is a promising first step for transgenic resistance to BYDVs in oats, and no doubt barley and wheat as well. However, it is clear that more work is necessary to investigate the mechanism of resistance or tolerance and to determine how it will behave in field trials.
